Abstract. This research specifi cally focused on the development of a novel methodology to reduce excess nitrate in drinking water utilizing zerovalent iron nanoparticles (nZVI)-stabilized radiation-grafted copolymer matrix. nZVI was synthesized by borohydrate reduction of FeCl 3 and stabilized on acrylic acid (AAc)-grafted non-woven polyethylene/polypropylene (NWPE/PP-g-AAc) copolymer matrix, which was grafted using gamma radiation. The use of nZVI for environmental applications is challenging because of the formation of an oxide layer rapidly in the presence of oxygen. Therefore, radiation-grafted NWPE/PP synthetic fabric was used as the functional carrier to anchor nZVI and enhance its spreading and stability. The chemical reduction of nitrate by nZVI-adsorbed NWPE/PP-g-AAc (nZVI-Ads-NWP) fabric was examined in batch experiments at different pH values. At low pH values, the protective layers on nZVI particles can be readily dissolved, exposing the pure iron particles for effi cient chemical reduction of nitrate. After about 24 h, at pH 3, almost 96% of nitrate was degraded, suggesting that this reduction process is an acid-driven, surface-mediated process. The nZVI-water interface has been characterized by the 1-pK Basic Stern Model (BSM). An Eley-Rideal like mechanism well described the nitrate reduction kinetics. In accordance with green technology, the newly synthesized nZVI-Ads--NWP has great potential for improving nitrate reduction processes required for the drinking water industry.
Introduction
Nitrate contamination of global water resources because of globalization of modern agricultural practices is an emerging threat worldwide. In spite of the usefulness of nitrate and nitrogenous compounds as essential elements in the life process, nitrate is potentially hazardous when present in drinking water at suffi ciently high concentrations. It acts as a precursor for several health hazards ranging from blue baby syndrome to gastric cancer. As it neither forms insoluble minerals that would be removable as precipitates nor signifi cantly adsorbs under aquifer conditions, reduction is the only possible way to decrease the nitrate contamination from groundwater. Concern for potential health consequences has led to the adoption of stringent nitrate standards [1, 2] (US EPA: 44 mg/L nitrate, WHO: 50 mg/L nitrate) in water for human consumption. Nitrate because of its high solubility is possibly the most widespread water contaminant [3, 4] . As it is thermally stable, boiling has no effect on it. Although nitrate in itself is relatively non-toxic, it can be reduced bacterially to nitrite in the intestines of newborn infants and may result in the disease methemoglobinemia (i.e. blue baby syndrome). Therefore, it is considered Chemical reduction of nitrate by zerovalent iron nanoparticles adsorbed radiation-grafted copolymer matrix that nitrates in drinking water should be treated as a serious health hazard.
Remediation of nitrate in water has been achieved by using biological or chemical techniques that remove nitrate by its destruction [5, 6] . However, there are many limitations associated with these two techniques. Denitrifying bacteria that are used most of the time in biological denitrifi cation to convert nitrate to nitrogen gas may cause a serious risk of bacteriological contamination of drinking water. Additionally, this method shows slow reaction rates, pH sensitivity and poisoning of microbes by elevated nitrate levels, which limits its applicability in nitrate remediation. Chemical techniques such as selective ion exchange [5] , catalytic denitrifi cation [6] , adsorption [7] , reverse osmosis [8] , distillation and electrodialysis [5, 8] transfer nitrate into another compartment without really destroying it. However, generation of massive wastes that have to be treated separately to ensure a healthy environment [9] is a serious issue related to these techniques. Although several alternatives such as photo-assisted denitrifi cation [10] or membrane bioreactors [11] were recently suggested to minimize the generation of wastes, the practical implementations of these techniques are still at the experimental stage. Moreover, several chemical denitrifi cation processes have also been suggested to decontaminate nitrate-rich waters. The crucial step is to facilitate transfer of fi ve electrons to convert nitrate to nitrogen gas. Substances such as nZVI can play a major role in this situation because it is a potent electron-donating source. Owing to some valuable properties such as high specifi c surface area, highly active surface and easily being scattered effect lead to the effective denitrifi cation. Even though the catalytic role of nZVI in the destruction of organic pollutants has been studied for several decades [12] , only a few investigations have been carried out on the applicability of nZVI in nitrate reduction [13] [14] [15] . However, most of them are limited to the laboratory scale and many issues are associated with the implementation. As an example, the stability of the active component (nZVI) may be a problem in the real-world application because the use of nZVI for environmental applications is challenging because of rapid formation of an oxide layer in the presence of oxygen. In our previous work, a procedure that would improve the applicability was developed [16] . The main objective of the previous work was to synthesize air-stable nZVI and enhance its stability by incorporating it into a radiation grafted NWPE/ PP polymer matrix. This stabilization was achieved by mixing of nZVI with the polyacrylic acid (PAA) grafted non-woven polyethylene/polypropylene, NWPE/PP (NWPE/PP-g-PAA) polymer matrix and allowing those nanoparticles to adhere on to the radiation-grafted copolymer matrix. This would also make it a more cost effective for the implementation at a large scale in developing countries such as Sri Lanka. Therefore, this research is specifi cally focused on a low-cost novel methodology to remove the nitrate from drinking water systems using an nZVI-stabilized, radiation-grafted copolymer matrix (nZVI-Ads-NWP ; (b) the redox chemistry of Fe provides the essential fi rst step in the development of a catalyst capable of mediating multiple electron transfer in abiotic reactions, which bypass the activity of biological systems; (c) the recent developments made concerning metallic Fe in water treatment have created a need for more process-level insight into the chemistry of aqueous contaminant Fe systems in order to understand their performance in a better way; (d) metallic iron provides an inexpensive, readily available, and non--toxic starting material for the development of water treatment process.
The results obtained in this work suggest that metallic Fe can support the chemical reduction of nitrate contaminated water. The current literature includes different treatment methods based on ZVI. However, it was noted on several occasions that the kinetics of nitrate reduction by ZVI under controlled experimental conditions for oxygen, temperature and so on is strongly dependent on the pH. In most of the previous work, the mechanistic aspects of nitrate reduction by ZVI have no common consensus. However, a wide variety of kinetic models for nitrate reduction by ZVI has been published ranging from fi rst order with respect to [NO 3 -] to those with apparent higher or lower order. Similarly, shifting order models can be constructed corresponding to mechanisms similar to the Langmuir-Hinshelwood or Eley-Rideal approach.
Materials and method

Materials
The nZVI-Ads-NWP was used as the iron source. The preparation and extensive characterization of the material has been previously reported [16] . For the present work, all chemicals used were of analytical grade. The glassware was cleaned fi rst by soaking in diluted HCl solution followed by thorough washing with distilled water obtained from Milli-Q purifi cation system.
Method
The nitrate reduction kinetics was examined by nZVI-Ads-NWP as a function of pH. Particular attention was paid to optimize the reduction pathway to produce ammonia gas or ammonium ion. In order to understand the role of nZVI in the nitrate reduction, the energetic of the possible steps of nitrate decomposition on the surface of nZVI-Ads--NWP was calculated. The catalytic properties of the nanoclusters on the surface of the grafted fabric were indeed differing signifi cantly from the other nZVI synthesis methods. The good catalytic activity is expected to relate to special sites, such as atom size steps, on the cluster. By carefully examining the reactivity of different sites of nZVI on the radiation--grafted surface, feasible pathways for ammonium/ ammonia production were identified. Once the feasible pathway was identifi ed, several experiments were carried out along the direction of the calculations. The effects of pH on nitrate reduction by nZVI-Ads-NWP were examined under buffered and unbuffered conditions. The chemical measurements include the detection of nitrate, nitrite, ammonia, pH and iron species. In all cases, a mass balance with respect to nitrogen was calculated from the chemical data. The measurements concerning nitrogen species were carried out by ion chromatography. The NO x products were determined by thermal conductivity detector-gas chromatography (TCD-GC). The effect of the initial pH on the reduction of nitrate was investigated by applying 1.2 g/L of nZVI-Ads-NWP to a nitrate solution with 0.723 mM concentration within 24 h. The same experiments were conducted using ZVI as a reductant to assess the effi ciency of nZVI for nitrate reduction. Figures 2-4 show experimental results obtained for both the fabric and ZVI particles at pH 3.0, 4.0 and 5.0, respectively.
Results and discussion
Characterization of data from previous study
The material has been extensively characterized in the previous study [16] . Here, only those points that are relevant to the present study are briefl y reviewed.
Scanning electron microscopy (SEM) analyses
The corresponding secondary electron (SE) SEM and backscattered electron (BSE) SEM images confi rm that PAA was properly grafted onto the NWPE/PP fabric during irradiation and the nZVI are well dispersed and stabilized on the NWPE/PP-g-PAA fabric surface.
Fourier-transform infrared spectroscopy (FTIR) analyses
FTIR spectra in attenuated total refl ectance (ATR) mode were compared for ungrafted, grafted and nZVI-adsorbed grafted surfaces as shown in Fig. 1 . The features of the ungrafted spectrum are changed once the surface was grafted with AAc as seen in the spectrum of NWPE/PP-g-PAA. Incorporation of carboxylate groups is evident with the appearance of new peaks at 1710, 1240 and 1160 cm -1 . Emerging of a broadband around 3300 cm -1 in the spectrum of nZVI adsorbed grafted fabric is due to the formation of hydrogen bonded O-H on the surface upon adsorption of nZVI. This observation suggests that nZVI adsorbed onto the surface via one O atom of the O-C-O moiety with monodentate confi guration while the other O atom, which is from the C=O group, participates in H-bonding [16] . Adsorption of nZVI to the polymer surface with the formation of a core-shell structure is evidenced by the appearance of new bands in the region 600-450 cm -1 due to Fe-O vibrations. Invariant bands of the original polyethylene surface at 2910, 2850, 1480, 1460 and 630 cm −1 depict the radiation-grafted non-woven synthetic fabric that acts as a supporting material to anchor nZVI and enhances its spreading and stability.
X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Mössbauer analyses
It was confi rmed that iron nanoparticles have a core of zerovalent iron (Fe 0 ) and a shell of mainly iron oxides (Fe 2 O 3 ).
Proton titrations and zeta potential
The nZVI-water interface has been fully characterized by the 1-pK BSM as described in detail elsewhere [16] . 
Effect of initial pH value on the reduction of nitrate
The data for percentage reduction of nitrate in Table 1 illustrate that the pH of the solution showed a marked effect on nitrate reduction with optimum effi ciency around pH 3.
After about 24 h, at pH 3, over 96% of nitrate was degraded using the nZVI-adsorbed fabric sample compared to that of about 78% for ZVI particles as depicted in Fig. 2 . As mentioned earlier [18] , there was no signifi cant effect in the reduction of nitrate by ZVI for pH > 4. The nZVI-Ads-NWP showed more than 75% reduction of nitrate even around pH 5.0 as shown in Figs. 3 and 4 . However, complete reduction of nitrate was never observed. Most of the previous studies achieved 100% removal of nitrate using freshly prepared ZVI particles that were used immediately after the synthesis because these particles are unstable in air [18, 19] , which was limited by purging inert gas into the reaction medium and ZVI storage containers [20] [21] [22] [23] . Only few studies [24, 25] were carried out using ZVI supported composites. In one of the studies, an nZVI-polystyrene anion exchange composite showed 80% reduction of nitrate at pH 6.0 [24] . In another study, nZVI supported in polystyrene-divinylbenzene copolymer showed 88.8% degradation of nitrate at pH 2.0 and 100% degradation at pH 5.0 [25] . The enhanced reduction of nitrate by ZVI or nZVI under more acidic conditions can be largely ascribed to the removal of the protective iron oxide layer, thus exposing metallic iron for the reaction. The protective layers on the surface of the nZVI yield the core-shell structure containing ferrous hydroxide and other protective layers. At low pH values, these protective layers can be readily dissolved exposing metallic iron for chemical reduction of nitrate.
Evaluation of kinetic data and mechanism for nitrate reduction
The development of a mechanistic model for nitrate reduction by nZVI is important particularly in applications related to environmental remediation. In analogue to reductive dehalogenation by metallic Fe, the nitrate reduction process is believed to be a consequence of dissolution of Fe by water. As a result of the parallel reactions (dissolution of iron by water and nitrate reduction) with concomitant release of Fe 2+ into solution and other related reactions, it appears that stoichiometry is of limited value in assessing reaction mechanisms. Hence, we have avoided this option.
In the previous study, the reactivity of nZVI has been characterized and the data showed the presence of a FeO layer encapsulating nZVI [16] . However, NO 3 -retention by the nZVI (FeO encapsulated) is important and an essential step for its degradation. The 1-pK BSM should be considered foremost because of the uniqueness of the parameter estimation of proton titration data. Therefore, the nZVI (FeO) and H 2 O interface has been fully characterized by a 1-pK BSM involving two surface site types Fe a OH -0.5 and Fe b OH -0.5 . In the modelling of the charging behaviour of the nZVI, it was found that two distinct surface sites were necessary to model the data, that is, the use of one site was not suffi cient to describe the experimental results. These generic sites (labelled a and b) could correspond to oxygen sites of different co-ordination, for example, but it was noted that a structural assignment is not possible with the present knowledge. Before nitrate reduction by nZVI, the anion has to be adsorbed to the nZVI surface. However, the nitrate adsorption density on nZVI cannot be accurately measured because of its low surface coverage. Nitrate ions are generally adsorbed weakly on solid surfaces. Therefore, conventional experimental methods cannot be used to quantify adsorption density. In this research, surface titrations were used to estimate weak adsorption capacity by a calculation according to the 1-pK BSM. The mass action coeffi cients used for these calculations are given in Table 2 . Except K 3 and K 4 , all other constants were obtained by modelling proton titrations in a given background electrolyte. In this method, high concentrations of nitrate, typically 0.01 M were applied and rapid titrations were performed within 10 min. Thus, nitrate reduction is limited.
As contact time increased, nitrate reduction by nZVI was clearly observed. The reduction process is believed to occur via the involvement of the surface species Fe a OH 2 +0.5 NO 3 -and Fe b OH 2 +0.5 NO 3 -yielding ammonia as a major product after reduction occurred. The presence of nitrite was also noted in the sample at minute concentrations.
In order to develop a mechanistic model to interpret nitrate reduction kinetics by nZVI, Eley--Rideal like mechanism was suggested according to the reactions shown as follows:
Proton sorption:
Electrostatic sorption of NO 3
The reactions (1)-(4) are assumed to attain pseudo equilibrium and the respective mass action coeffi cients are shown in Table 2 . In order to model the kinetic data for nitrate, the Chemical Kinetic Simulation code was used. This code has the fl exibility to incorporate reactions as specifi ed above. It is important to note that the reaction orders shown in the table are not integers, which implies that the reactions defi ned in the proposed model require further refi nements including additional mechanistic steps for better prediction of nitrate reduction by nZVI. However, the experimental data that would be required cannot be obtained by the kind of experiments performed so far. The proposed model provides a satisfactory phenomenological description of nitrate reduction on the materials under study. The identity of the surface sites is not known, and the non-integer coeffi cients in the rate laws also suggest that mechanistic understanding can only be gained by additional studies. Nevertheless, the coupling of the rate law with the surface complexation approach is promising in this respect. 
Conclusion
It can be concluded that the successfully synthesized stable nZVI on the radiation-grafted copolymer matrix can be applied for the treatment of nitrate--contaminated water. We obtained more than 96% reduction of nitrate at pH 3.0. As a consequence, this product may be effectively used for the reduction of nitrate in the purifi cation process for drinking water.
In particular, it could be a low-cost, effi cient material for developing countries in this respect. 
